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High Energy Physics- " Natural Units" |

The dimensions of a quantity, indicated by [ ], are all taken to be
energy in HEP. Momentum and mass ar e given the dimensions of

energy, pc, mc2. The basic energy unit isthe electron Volt, the
energy gained when an electron falls through a potential of 1 Volt.

The connection between energy and time, position and momentum
issupplied by Planck's constant, h = h/2rt= 0.2 GeV*fm, where 1

fm = 10-13 cm. Thus, inverselength and inver setime have the
units of energy. The Heisenberg uncertainty relation isAE*At = h,
Ax*Ap = h.

Chargeand spin are " quantized" ; they only take discrete values, e
or h/2. Fermions have spin /2, 3/2 ..., while bosons have spin 0,1,....
The statistics obeyed by fer mions and bosons differs profoundly.
Bosons can occupy the same quantum state - e.g. superconductors,
laser. Fermions cannot (Pauli Exclusion Principle) - e.g. the shell
structure of atoms.

SFIM (the internal angular momentum of the particle) in units
of h, whereh = h/(2m) =658 x 1072 GeV'5 = 1.05x 1073 .5

ELECTRIC CHARGE: in terms of the proton's charge (+1,
orin Sl units, 1.60 x 107 coulomb).

EMERGY: in electron volts (e, the energy gained by 1 electron
in crossing a potential of one volt. 1 eV = 1.60x 1077 joule.

MASS: in GeV/c?, (rememberE = mc? ). 1 GeY =107 eV,
(The mass of the proton is 0938 GeY/cl= 167 x 10727 kg.)




Size and Energy of the Probe |

In order to" see" an object of sizer one must use " light" with a

wavelength A <r. Thus, visible light with A ~3000 A (1A = 10-8
cm, ~ size of an atom) can resolve bacteria. Visible light comes
from atomic transitionswith ~eV energies ( h = 2000 eV*A).

Toresolve a virus, the electron microscope with keV energies was
developed, leading to an increase of ~ 1000 in resolving power .

To resolve the nucleus, 109 time smaller than the atom one needs
probesin the GeV (109 eV) range. The size of aprotonis~1fm =
10-13 cm.

Thelarge Hadron Collider (LHC) at the CERN will explore
Nature at the TeV scale or down to distances ~ 0.001 fm.

A Better Microscope...

The best scanning electron microscopes can show
only fuzzy pictures of atoms. To see anything smaller
you must use smaller wavelengths, A. For example,
the large wavelengths of water waves don't show any
effects of a small vertical pole in their paths. But the
shorter wavelengths of light give a shadow for that
pole.
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Energy and wavelengths are inversely related:
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S0 the smaller the particles that you want to see,
the more energy yvou need from wyour accelerator.




The Quest for Fundamental Particles |

Asthetools available to our science have improved, the" cosmic
onion" hasrevealed layer upon layer.

Bulk matter was found to be mostly empty space. Theatomsin a
solid are packed ~ together, where a typical atom has a
characteristic size~ 1 A = 10-8 cm. The mass of an atom is
concentrated in the nucleus ( A nucleons, Z protons, and A-Z
neutrons). Thesize of aproton is~1fm = 10-13 ¢m.

In the 1970s the proton was observed to consist of point like
quarks. Thisbehavior isresolved at energies~ 10 GeV or 0.02 fm.
Since that time energies up to 100 GeV ~ 0.002 fm have been
explored and the quarks and leptons still appear to be point
particles. The LHC will extend the search to~1 TeV or 0.0002 fm.

Relative Sizes of Particles

- " electron




"Particle Physics' in the 20th Century |

The e was discovered by Thompson ~ 1900. The nucleus was
discovered by Rutherford in ~1920. The et, thefirst antiparticle, was
found in ~1930. The , indicating a second generation, was
discovered in ~ 1936.

There was an explosion of baryons and mesons discovered in the
1950s and 1960s. They were classified in a” periodic table” using the
SU(3) symmetry group, whose physical realization was point like,
strongly interacting, fractionally charged " quarks®. Direct evidence
for quarks and gluons camein the early 1970s.

The exposition of the 3 generations of quarks and leptonsis only
just, 1996, completed. In the mid 1980s the unification of the weak and
electromagnetic for ce was confirmed by the W and Z discoveries.

The LHC, starting in 2005, will be THE tool to explorethe origin of
the breaking of the electroweak symmetry (Higgs field?) and the
origin of massitsalf.

Time Line of Particle Discovery

of quarks
1960
-

~ and many
morel




The Standard Model
of Elementary Particle Physics

Matter consists of half integral spin fermions. The strongly
interacting fermions are called quarks. The fer mionswith
electroweak interactions are called leptons. Composite fermions
arethe qgq baryon states.

Theforcesare carried by integral spin bosons. The strong forceis
carried by the gluon (g), the electromagnetic for ce by the photon

(y), and the weak interaction by the W+, Z0, and W+.

Fermions and Bosons Chart
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The Generation Mystery

Over thelast 50 year the existence of multiple generations has
been experimentally established. The v was hypothesized to
account for the 3 decay spectrum of nuclei. The p wasfirst seen
(1936) in cosmic rays, whilethe strange quark (s) was seen in
cosmic rays and accelerator experimentsin the 1950s. The
charmed quark (c) was discovered in the mid 1970s, completing the
second generation. This was followed immediately by the discovery
of the t lepton, indicating a third generation. The beauty (b) quark
was discovered within 2 years and the gluon (g) wasinferred from
the radiative topology of jet events. The W and Z were discovered
in the mid 1980s, while the top quark(t) was only observed in 1996.
That there are only 3 generations was inferred from the decay
width of the Z and from primordial nucleosynthesis.

WHY?

Generations

All stable matter is made from particles in
Jjust the first generation. Physicists had
thought that they understood all matter
until the muon (2, the first particle of
the second generation, was discovered

in 1936. It is said that the physicist,

I.I. Rabi, asked, "Who ordered THATY"
when he heard of the new particle.

Today we still are trying to answer

his questiont

Related dquestions are:

How many more generations exist? 1st 2nd 3rd
¥Why are the masses the way they are?

Are there other leptons and kfguarks that

are simply too heavy to have been

produced in any experiment to date?




The 3 Quark Generations

The quarksare point like fundamental particles possessing both
strong and electroweak interactions. They have fractional charge,
g =2/3and g =-1/3in unitsof e. Thetop massisnow known to be
176 +- 12 GeV. The pattern of massesin not understood. In the SM
the masses are simply input parameters.

Theu and d arethe lowest mass states and make up matter asit
appearsin thenucleus, p =uud - n =udd. Thefreen isunstable,
but n bound in nuclei have their massreduced by the negative
binding ener gy, making the n stable,

The strong forceis mediate by 8 colored gluons. Thisforceis
confining in that free quarks and gluons are not possible. The
force between p and nisaresidual " Van der Waals'typein
analogy to the force between neutral molecules asresidual to the
EM for ces binding electronsto nuclei.

Quark Chart

Flavor |[Mass(GeV/c?)Elect. Charqge
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Dijet Events at the Tevatron

The scattering of quarksinsidethe proton leadstoa"jet" of
particlestraveling in the direction of, and taking the momentum of,
the parent quark. Sincethereisnoinitial state Pt, the 2 quarksin
thefinal state are" back to back" in azimuth.

CDF: Highest Transverse Energy Event
from the 1988-89 Collider Run

Sum of Transverse Energy = 752 GeV

Calorimeter lego plot
Two Jets, 424 Gev' and 371 Gev

Centra Tracking

: T__‘_/ Chamber View
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The Standard M odel
of
High Energy Physics

Thereare 3" generations' of quarksand leptonswhich have
identical interactions and different masses. The pattern of those
masses is not under stood, as we lack the dynamicsto predict.

; Standard Model Masses, ILI}H]HH and quarks
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The 3 Lepton Generations

L eptons have electroweak interactions but not strong interactions.
They are either charged or neutral. The neutral leptonsare called
neutrinos. They have only weak interactions, and so arerather
difficult to detect. The neutrinos appear to be massless, although
there appearsto be no reason for thisproperty. For examplethe
photon and gluon are massless because that property isrequired to
preserve gauge invariance. Active research is going on sear ching
for neutrino mass.

The charged leptons arethee, p and 1. The heavier Ieptons decay
to the e asthe lowest mass (stable) state. The pattern of masses of
the charged leptonsis not understood, nor isthe necessity for 3
and only 3" generations'.

Lepton Chart

Mass (GEVICQJ Electric Charge

kL neutrino ¢25% 1074

muon 0.106




TheForceCarrier Spin 1 Bosons
In the Standard M odel

The photon isfamiliar from 1905 when Einstein identified it asa
particle. TheW and Z mediate the " weak" force ( SU(2) x U(1), 3
+1). In fact, the fundamental strengths of the weak force and the
electromagnetic are quite similar. Dueto the large mass of the W
and Z, the for ce appear s weak for distances > the Compton
wavelength of the W. The strong force is mediated by the 8

massless gluons (3 x 3=1+ 8,SU(3) ). The gluons are thought to
be per manently confined.

Force Carriers Chart

Electroweak
boson mass electric
(Gev/c) charge
i 0 0
W 80 +1
W~ 80 -1
z° ai 0




Electro - Weak Unification

Theweak interactions areresponsible for nuclear beta decay. The
observed rates are slow, indicating weak effective coupling. The
decays of the nuclei, n, and m are parametrized as an effective 4

fermion interaction with coupling, G ~ 10 GeV-2, '\, ~ G2M ;5.

Theweak SU(2) gauge bosons, W+ ZO W- | acquire a mass by
interacting with the " Higgs boson vacuum expectation value" of
thefield, whilethe U(1) photon, y, remains massless.

Mw ~gw<@>

The coupling gyy can be connected to G by noting that the 4

fermion Feynman diagram can berelated to the effective 4
fermion interaction by the Feynman " propagator"”, G ~

ow2/Mw2. Thus, from G and sin(Byy) one can predict Myy. The
result, Myy ~ 80 GeV was confirmed at CERN in the pp collider.
The vacuum Higgs field has <@> ~ 250 GeV.




The Electromagnetic and Weak
Interactions

The weak interactions are weak only when viewed at low mass
scales, or large distances. For M >Mw or r <rw, V(r) isroughly of
the same strength, a ~aw, or Vem(r) ~Vw(r).

V(r) forM=0and M = 1/ro

Legend

—#l— Coulomb

—&— Yukawa




> e+ Vv Eventsat the Tevatron

W

antiquarks, e.g. u +d,

w, T+ vr. There can also be radiation

gluons which evolveinto jets.

The W gauge bosons can decay into quark

or into lepton pairs, e+ veg L +V

associated with the W

CDF:

W +0,1,2,3 jet(s) Events

¥
e




Z -->e+eand J + [ eventsat the Tevatron |

The e appear in the EM and not the HAD compartment of the
whilethe u penetrate thick material.

calorimetry,

44 and 36 GeV

—

E,

F:
—ee and 7Z — WL Events

CD
Z




Why the Higgs will be discovered at the
LHC or before (FNAL, LEP)

The vacuum expectation value of the Higgs field, <¢@>, gives mass
tothe W and Z gauge bosons, My ~gyw<@>. Thusthe Higgsfield

acts somewhat likethe" ether” . Similarly the fer mions gain a mass
by Yukawa interactions with the Higgs field, mf = gf<¢@>. Although

the couplings are just input parameters, the Higgsfield givesus a
compact mechanism to generate all the massesin the Univer se,

\

f,W, Z

(H->ff) ~gr2MH ~ g2(M/Mw)2*MH , g = gw
[ (H->WW) ~ g2M H3IM w2 ~ g2(MH/Mw)2MH

[ ~MH3or I/MH ~MH2==>T/MH~1@MH ~1TeV

A(ete -> WHW-) ~ aw/m(gM )2 < 1 (partial wave unitarity)
==>s~MH <~1TeV. Sincethe LHC can examine systems with
energiesup to 1 TeV, adiscovery is" guaranteed" .
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The Physics at the LHC is Compelling
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The Higgs Particlein the SM |

The vacuum expectation value of the Higgsfield isresponsible, in
the minimal SM, for the breaking of electroweak gauge symmetry,
giving mass to the W and Z gauge bosons.

In addition, a Yukawa like interaction, H ~ gffH Wf <@>Ws, gives
massto thefermionsin the SM. This, in turn, meansthat the

coupling of the Higgsfield to the fermionsis proportional to the
fermion mass.

The Higgs massis unknown. For low masses bb and tT modesare
lar gest. When energetically allowed WW and ZZ modes dominate.
The large top mass makes the tt mode substantial, > 10%.
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A FNAL Collider (DO) Event |

The DO detector has 3 main detector systems; ionization tracking,
liquid argon calorimetry (EM , e, and HAD , jets,), and
magnetized steel + ionization tracker muon , |1,
detection/identification. This event hasjets, a muon, an electron,
and missing energy , v.

E879E Event 17 10-JaN=-18483 oz




A FNAL Collider (CDF) Event |

The CDF detector has 3 main detector systems; tracking- Si +
ionization in a magnetic field, scintillator sampling calorimetry,
(EM - ¢, yand HAD - 1), and ionization tracking for muon
measur ements. Missing ener gy indicatesn in thefinal state.

Si vertex detectors allow oneto identify b and c quarksin the
event.

- fit neutrino jet #3  jet #1
e + 4 jet event erea N L
40758_44414 MET 2.8
24-September, 1992 ~a ' S
TWO jets tagged by SVX S '!'M s
fit top mass is 170 +- 10 GeV %‘S“%w 7 g
& &
e, Missing Ey, jet #4 from top LEGQ view e &
jets 1,2,3 from top ( 2&3 from W)
+—5¢e
Tevatron
beam pipe
SvX tags
Two Vertex Views
( note scales )
//
4 3meters — »
Tracking View Primary -
Vertex Secondary

Vertex

—
\ Ellipses

<1 5 mm £




The Higgs natural width I is
proportional to M”3. For masses > 1
TeV, the width is ~ the mass. For very
low masses the experimental resolution
is = the natural width.

H—» 4] mass resolution
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Hadron Caforimeter HCAL

Aim:

+ Energy and direction measurement of parficle jets,
e.qg. from W, 7, q = jets and/or missing energy}ﬁp

+ Discover new physics, e. g. heavy Higgs, SUSY
particles or composites via £_ or E.

+ Energy resolution:
6 /E — 65%NE @ 5% [E in GeV]

Requirements:

+ Extend acceptance to the highest possible n value.

+ Get best hermeticity (more imporiant than resolution!)
of the HCAL (HB, HF, HV) .

« Assure adequate sampling depth to avoid leakage.
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The Higgs boson is weakly coupled to ordinary
matter. Thus the Higgs mass may be light with
respect to the beam energy of 7 TeV. Hence, the
Higgs decay products appear at rapidities < 3.

In addition, the WW fusion process means that
there are forward (3<|y|<5) jets with PT ~ MW/2.

CMS

Compact Muon Solenoid




CMS Trigger & DAQ System

“Level-1 }_ : Detector Frontend J
- y [ . . = e : : i e

RDPM

SF1

Processor Farm (Level 2/3 Trigger)

- Level 1 Trigger: 40 MHz — 100 kHz

- After Level-1: event in 1000 RDPMs

« Event Building 1: 200 RDPMs — 1 SFlI
« Level-2 Trigger: 100 kHz — 1-10 kHz

« Event Building 2: 800 RDPMs — 1 SFI
» Level-3 Trigger: 1-10 kHz — 10-100 Hz



For Higgs masses < 600 GeV the ZZ and
Z7.7* decay modes into 4] are sufficient.
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The CMS and US CMS Collaborations

. The US groups comprise about 20% of the total
physicists and engineers in CMS.

« The US CMS Collaboration is, therefore, the
largest country-wide collaboration within CMS.

. The US CMS group is the single largest
financial contributor to CMS.
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TheInteractions Between Particles |

The interactions of matter appear to follow from a" gauge
principle", that the Physics not depend on a local phase assignment
of the quantum wave function. Gravity was the first gauge theory,
that Physics be the same for any local label of coordinates. Just as
that requirement required the metric, or curvature, or the gravity
field, the gauge principle requiresthe existence of photons, y,
gluons, g, and electroweak bosons, W+ Z W-.

Gravity wasthefirst " non Abelian" gaugetheory. All mass/ener gy
gravitates, including the field energy (non linearity). Similarly,

gluons possess” color" charge, W/Z have weak charge (" flavor").
Photons are not electrically charged, sothat EM isalinear theory.

A quantum theory of gravity for point like particle cannot be
written without infinities appearing.

Gravita- Weak Electro- ng
Interaction tional magneti Residh
Electrjoweak ual
Acts an: Mass-Energy Flavar charge Electric See
charge info.
Particles all Leptons Electrically- Hadrons
Experiencing it: Quarks charged
Particles Graviton {not nﬂ Mesons
Carruyingit: yet observed) w Ty 2"
Strength for: Mt
t 1018 Tilad 0.8 i appli-
2 |:|uaE|rks{ﬂ cable
at 31071 m 10 H 10”4 1 to
(relative toedm) quarks
2 protons in nucleus
| 1= 1077 1 20




Hints of a SM Extension

The coupling constantsare = at M ~ 1016 GeV:
a/ayy isrelated by a GUT gauge group.
Charge quantization is explained.
Quarksand leptons arerelated, but only at GUT mass.

Gravity probably needsto be understood. Gravity isthe
primordial gaugetheory. To succeed, the basic entities must be
extended objects, strings.

A local SUSY theory (since SUSY has spin and Poincare
generator s) contains gravity. " SUSY iswhat Einstein would
have written if he knew about fer mions as well as bosons'.
Thelightest SUSY partners are stable against decaysto SM
particles.

We do not understand what 90 % of the Universeis made of.
Therotation curves of galaxies and clusters of galaxies cannot
be caused by the observed stellar masses -" dark matter" - isthis
the SUSY partners, or thev mass?

What isthe dynamics that explains the generational spectrum?
Whereis Bohr when we need him? The Yukawa couplingto e

and the top mass, Mf ~ gf <@>, ranges from 2 x 10-6 t0 0.7, or
about 11 orders of magnitude in the coupling constants, gf2/41t



Grand Unified Theories

Perhaps the strong and electr oweak forces arerelated. In that case
leptons and quar ks would maketransitions and p would be
unstable. The unification mass scale of a GUT must be large
enough so that the decay rate for p is<theratelimit set by
experiment.

The coupling constants " run” in quantum field theories dueto
vacuum fluctuations. For example, in EM the e chargeis shielded

by fluctuationsinto ete- pairson a distance scale set by the e, Ag ~
1/me. Thusa increasesas M decreases, a(0) = /137, a(M7) =
1/128.. The GUT scaleis~ 1016 GeV, below the mass scale where
gravity becomes strong, U(r) = GNM2/r, Mp. 2= 1/GN, Mp| = 1.2
x 1019 Gev.

"Running' of the SM Coupling Constants
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Possible Scenariosat the LHC

Thereisa single Standard Model (SM) Higgs fundamental
scalar field. - boring.

Thereisanother layer uncovered in the" cosmic onion" . Quarks
and leptons are composites of some new point like entity. This
iIsin analogy to Rutherford scattering - more wide angle, high
Pt eventsthen expected in the SM.

The weak interactions violate perturbative unitarity and
become strong. Resonances appear in WW, WZ scattering ( as
In TT+ TUScattering --> p resonance ). A new force manifests
itself, leading to a new spectroscopy.

Something no one has thought of occurs! interesting.



Antimatter isrequired in relativistic
guantum mechanics

The Dirac equation has solutionswith E <m and E > m. They
correspond to particles ( e.g. electrons e and positrons et )

Theratio of baryons(p) to photonsin the Universeis~ 10 -10.
The Universeismostly light; let there belight.

It isknown that one of the necessary ingredients for the lack of
antimatter in the Universeisfor CP violating interactionsto exist.

Matter and Antimatter

For every particle (matter} there is a corresponding
antiparticle {(antimatter), denoted by a bar over the
particle symbol. (For example: p and p. called p-bar.

¥When a particle and an antiparticle meet, they can
annihilate and produce neutral bosons, such as
photons, 72 bosons, or gluons.

Particle physicists use colliding beams of p and p or
e- and e+. They then study the numerous particles
that result from the boson decay.

An interesting question is why there is so much.
matter in the universe and so little antimatter?
Physicists are still puzzled about this.




Quarks are permanently confined
baryons are unconfined qqgq states

The proton (uud) and neutron (udd) arethe lowest energy stable
states of baryons. The n decays weakly, p -->n e v.

Baryons areintegral charge, half integral spin strongly interacting
quark composites.

Baryon Chart

BARYONS electric mass
= qqq* (Ge¥/c?)

P proton 0935
[_) antiproton 0933
N neutron 0940
/A lambda 1.116
() omeqga 1672
>., Sigma-c 2455

Many others ||




Mesons as Quark Antiquark
Composites

The colored quarks are confined. In order to bedirectly
observable, any composite object must be colorless. The
possibilitiesare3x3x3=1+8+8+ 10 ( SU(3) ) - baryonsand 3
x 3 =1+ 8-mesons. The spinsof mesonsare/2+1/2=0,1-
pseudo scalar or vector " octets" .

The pattern of masses and spins can be understood given the
underlying masses of the quarks and their spin ( /2).

MESON quarks | electric| mass spin
= qq charge |(Ge¥/c?)
T+ Ppion ud + 1 0.140 0
' kaon sU -1 0494 ]
K“ kaon d3 0 04935 0
* rho ud 0 0770 1
8* cd + 1 1.669 0
‘rL eta-c cT ] 23280 0




Silicon pixels and strips will be used to tag the
decays of b --> ¢. The impact parameter (b)

resolution is small with respect to the b lifetime ct
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Physics Requirements

Though CMS emphasizes ¢, p. v detection and measurement, detection of jets and missing Ev

is essential for

*H-—=2Z —=dtwv ]
H — WW — vj L for heavy Higgs discovery
* H — 22 — ¢ |

-

- WW -H with forward jet toga
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- t—=HY > w charged Higgs search

* BQUarKs gluines search through E-™== signatures
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* Compositensss search through pp — jets
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US CMS is Responsible for the Entire

Forward Muon System - CSC + Yoke

4 siatigns ofF ™MF

G Lavers/staTion

gVERLAES IN /95



Magnet:

CMS SUBSYSTEMS

4T field, coil, vacuum tank, barrel (B) and forward
(F) return yoke. Common Projects.

Tracking: pixel Si-B+F,55+ 22 million channels

ECAL:

HCAL:

MUON:

Tridas:

strip Si - B + F, 2.8 million channels
Microstrip Gas Chambers (MSGC) B + F, 11 million
channels.

crystals of PbWO4 - B + F, 100,000 crystals.
Avalanche Photo Diode (APD) transducer.
preamp (VFE) + ADC (FE).

scintillator + WaveLength Shifting (WLS) fiber - B +
F . Optical cable —> Hybrid PhotoDetector (HPD)
+ preamp —> ADC + trigger pickoff.

Drift tubes with field shaping and mean timers - B.
Cathode Strip Chamber (CSC). Strip centroids and
anode wire for coordinates and trigger - F. Both F +
B aligned to tracker.

L1 pipelined. Use ECAL + HCAL + MUON to trigger
on e, J, missing Et, and p. L2 is "virtual™ using event
segments. Features high bandwidth event builder
switch. L3 is "full" event reconstruction before logging
to "permanent media™.



